Diatomic TiFe, a 12 valence electron molecule that is isoelectronic with Cr 2 , has been spectroscopically investigated for the first time. In addition, the first computational study that includes the ground and excited electronic states is reported. Like Cr 2 , TiFe has a 1 + ground state that is dominated by the 1σ 2 2σ 2 1π 4 1δ 4 configuration. Rotationally resolved spectroscopy has established a ground state bond length of 1.7024(3) Å, quite similar to that found for Cr 2 (r 0 = 1.6858 Å). Evidently, TiFe exhibits a high degree of multiple bonding. The vibronic spectrum is highly congested and intense to the blue of 20 000 cm 
I. INTRODUCTION
Among the diatomic transition metals, Cr 2 occupies a position of particular prominence because of early controversies concerning its ground state potential curve, especially as regards the bond length. With ground state atoms having configurations of 3d 5 4s 1 , 7 S, it is possible in principle to spin-pair all 12 valence electrons in Cr 2 , placing them in sσ g , dσ g , dπ u , and dδ g bonding orbitals to form a tightly bound diatomic molecule with a nominal sextuple bond. This intriguing possibility has sparked a large experimental and computational effort.
On the experimental side, the first spectrum of Cr 2 was obtained in 1974 in a transient absorption study of the products formed in a flash photolysis experiment on gaseous Cr(CO) 6 . 1 The spectrum was assigned to a 1 u + ← X 1 g + transition in diatomic Cr 2 , for which a bond length of 1.71 Å was found. However, the possibility that the carrier of the spectrum might be linear CrO 2 or CrC 2 was not rigorously excluded. Subsequently, the molecule was investigated by matrix isolation absorption and emission [2] [3] [4] and Raman spectroscopy, [5] [6] [7] and by laser-induced fluorescence 8, 9 and resonant two-photon ionization spectroscopy 10 in jetcooled molecular beams. While these results have shown that the 1 g + ground state of Cr 2 has a short bond length with r e = 1.6788 Å, 8 details of the shape of the potential energy surface did not emerge until the photoelectron spectrum of massselected Cr 2 − was measured in 1991. This study revealed a tight potential curve near the bottom of the well that seems to approach a dissociation limit at longer distances as the dorbital bonds are broken, but which then rises again to the a) Author to whom correspondence should be addressed. Electronic mail: morse@chem.utah.edu. FAX: (801)-581-8433.
true dissociation limit at even longer distances as the s-orbital bond is broken. 11 Computational chemistry has found Cr 2 to be very challenging, owing to the large exchange effects that result from the small size of the 3d 5 subshell and the high degree of electron correlation in the molecule. An early MCSCF calculation found Cr 2 to have a bond length of 3.06 Å dominated by s-orbital bonding, 12 while a subsequent calculation on the isovalent Mo 2 found a double minimum, in which the molecule could exist in either a long-bonded form dominated by s-orbital bonding or as a short-bonded form in a deeper dbonded well. 13 This led to the speculation that Cr 2 might exhibit a double-minimum potential curve in the ground state, prompting the photoelectron study mentioned above. As a result of the computational difficulties inherent in a study of Cr 2 , it has become a standard test molecule for all newly developed electronic structure methods. It is interesting to consider how the electronic structure of Cr 2 may change, as one proceeds along an isoelectronic sequence that redistributes charge from one nucleus to the other. We may define our position on this isoelectronic sequence in terms of the nuclear charge asymmetry, defined by Z = |Z A -Z B |. It is now known that Cr 2 ( Z = 0) has a very short bond with a high degree of multiple bonding character. How does this change in moving to VMn ( Z = 2), TiFe ( Z = 4), ScCo ( Z = 6), CaNi ( Z = 8), KCu ( Z = 10), and ArZn ( Z = 12)? Does the bond strength decrease and the bond length increase smoothly as one moves along this sequence, or are there break points where the nature of the bonding changes abruptly? Among the multiply bonded p-block molecules, N 2 ( Z = 0, r e = 1.0977 Å, ω e = 2358.6 cm −1 ) (Ref. 54 ) and CO ( Z = 2, r e = 1.1283 Å, ω e = 2169.8 cm −1 ) (Ref. 54) are uniformly considered to have triple bonds that are well-described by the simple Lewis dot structures, :N≡N: and :C≡O:. Diatomic BF ( Z = 4, r e = 1.2626 Å, ω e = 1402.1 cm −1 ) (Ref. 54) begins to show a somewhat different electronic structure, with a significantly longer bond, a significantly lower vibrational frequency, and much greater ionic contributions to the bond. By the time one reaches BeNe, no chemist would describe this species as having a triply bonded :Be≡Ne: structure; indeed, BeNe is for all practical purposes unbound.
The lack of corresponding data on the transition metal species has prompted this investigation on diatomic TiFe. No previous spectroscopic data exist for this molecule, and only one density functional theory (DFT) study has been previously reported. 55 In order to rectify this situation, and learn how the electronic structure is modified as the nuclear charge is made more asymmetric in these 12-electron molecules, we have undertaken spectroscopic and computational studies of diatomic TiFe. A previous study of the isovalent molecule, ZrFe, has already been reported. 56 In Sec. II we present a description of the experimental methods that were employed in this study, while Sec. III provides details of the computational methods. Experimental results are provided in Sec. IV and the results of the theoretical investigation are given in Sec. V. Finally, the most important findings are summarized in Sec. VI.
II. EXPERIMENTAL METHODS
In the present study, diatomic TiFe was investigated by means of resonant two-photon ionization spectroscopy (R2PI). The instrument employed in this work is identical to that used in our recent investigation of the isovalent ZrFe molecule, 56 and is therefore only briefly described. Diatomic TiFe is produced by focusing the fundamental radiation from a Q-switched Nd:YAG laser (1064 nm, 25-30 mJ/pulse) onto a Ti:Fe 1:1 alloy (ACI Alloys) in the throat of a pulsed supersonic expansion of helium (180-200 psi backing pressure). The alloy sample is in the form of a disk that is rotated and translated to prevent the drilling of a deep hole into the sample, thereby maintaining a nearly constant TiFe concentration in the resulting molecular beam. After supersonic expansion into the source chamber, the molecular beam passes through a skimmer (50 • inside angle, 1.5 cm diameter) that provides a roughly collimated beam in the second chamber, which is the ionization region of a linear time-of-flight mass spectrometer.
In the second chamber, the molecular beam is exposed to unfocussed radiation emitted by a Nd:YAG pumped dye laser that is counterpropagated along the molecular beam axis. After a few tens of nanoseconds, the 5th harmonic output of a Nd:YAG laser (212.8 nm, 5-6 mJ/pulse) is directed across the molecular beam axis at right angles. Neither wavelength is capable of ionizing the molecule in a one-photon process, but the absorption of one dye laser photon and one 5th harmonic photon can ionize the molecule. The net result is that when the dye laser is resonant with a transition, the molecule is carried to the excited state, where absorption of the 5th harmonic radiation leads to efficient ionization. The resulting ions are accelerated in a two-stage Wiley-McLaren ion extraction assembly 57 and travel up a flight tube to a microchannel plate. The output signal is then preamplified (350 MHz) and digitized for processing in a personal computer. By recording the signal for specific masses of interest as a function of the dye laser wavenumber, the spectra for those species are obtained. After collecting the spectrum of TiFe using the 5th harmonic of the Nd:YAG laser (212.8 nm, 5.83 eV) for ionization, portions of the spectrum were scanned a second time using the 4th harmonic (266 nm, 4.66 eV) for ionization, with the goal of comparing the two scans to place limits on the ionization energy of the TiFe molecule.
To reveal the rotational structure of the observed vibronic bands, the dye laser was scanned in high resolution mode (dual grating, 0.05 cm −1 resolution) over the various members of the two band systems that were identified. At the same time, a portion of the dye laser output radiation was sent through a cell containing gaseous I 2 ; another portion was sent through a 0.22 cm −1 free spectral range étalon. The transmitted intensities were recorded and were used to provide an absolute calibration of the spectrum using the precisely known wavenumbers of the iodine lines that are listed in the I 2 atlas of Gerstenkorn and Luc. 58 Because in our instrument the TiFe molecules travel at the beam velocity of helium (1.77 × 10 5 cm/s) (Ref. 59 ) toward the dye laser, a small correction for the Doppler shift experienced by the molecules was required. At the same time, a correction for the error in the I 2 atlas (-0.0056 cm −1 ) was also made. 60 Together, these corrections amounted to less than 0.11 cm −1 for all of the bands reported here.
For a few of the rotationally resolved bands, excited state lifetimes were measured. To do so, the ionization laser was fired at the time of greatest TiFe signal intensity, and the dye laser was scanned in time. The measured ion signal as a function of delay time was then fitted to an exponential decay curve using the Marquardt nonlinear least-squares algorithm.
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III. COMPUTATIONAL DETAILS
For both atoms, Ti and Fe, the correlation consistent basis set of Balabanov and Peterson, 62 22s18p11d3f2g1h of quadruple cardinality, was employed, generally contracted to [8s7p5d3f2g1h], containing a total of 104 × 2 = 208 spherical Gaussian functions.
The zeroth order wavefunction is of the complete active space self consistent field (CASSCF) type, constructed by allotting the 12 outer electrons (4s 2 3d 2 / Ti 4s 2 3d 6 / Fe ) to a total of 12 orbitals corresponding to the (4s + 3d) × 2 atomic orbitals of the two atoms. Under C 2v constraints and depending on the symmetry of the states examined, the above scheme generates ∼(55-95) × 10 3 configuration functions (CF). Single and double replacements out of the CASSCF wavefunction give rise to multireference configuration interaction expansions (CASSCF + 1 + 2 = MRCI) of order (1.8-3.5) × 10 9 CFs, reduced to (1.8-3.1) × 10 6 CFs through the internally contracted approximation. 63 
IV. EXPERIMENTAL RESULTS
A. Low resolution spectrum
The present spectroscopic study of TiFe covers the range from 15 500 cm −1 to 23 500 cm −1 . This range can be divided into three sections that display qualitatively different spectra. The low energy region, 15 500-19 500 cm −1 , contains only two extremely weak, partially overlapping band systems; the mid-energy region, 19 500-21 500 cm −1 , contains a large number of intense bands, and the high energy region, 21 500-23 500 cm −1 , contains a high density of somewhat weaker transitions. This is illustrated in Figure 1 , which displays the low resolution spectrum for the most abundant isotopomer, 48 ). Vibronically and rotationally resolved spectra, tables of line assignments, and fitted spectroscopic constants are available through the supplementary material 68 or from the author (M.D.M.). The low resolution spectrum of TiFe is remarkably similar to the spectrum of the isovalent molecule, ZrFe, which was recently investigated in our group. 56 lowed by a highly congested region of intense transitions at higher energies. For both molecules, high dye laser fluences (8-30 mJ/cm 2 ) were used for rotational studies of the band systems, and no power broadening was observed. Similarly, the lifetimes of the upper states of the weak band system were found to lie in the range of 14-31 μs for ZrFe, while our studies of the 18 072 and 18 346 cm −1 bands of 48 Ti 56 Fe reveal excited state lifetimes of 23 ± 4 and 26 ± 6 μs. The long excited state lifetimes and the lack of power broadening in these spectra demonstrate that the transitions are very weak indeed. Although the weakness of the transitions could result from poor Franck-Condon factors, this would not cause such long excited state lifetimes. Thus, these observations provide strong evidence that the bands correspond to spin-forbidden transitions, a possibility that is further supported by computational studies that are reported below. The observation of strong transitions above 20 000 cm −1 also suggests that the upper states of the spin-forbidden transitions borrow intensity from these higher-lying, strongly allowed states by mixing that is induced by spin-orbit interactions. In this context, we note that the orbital spin-orbit parameters are given by ζ 3d (Ti) = 123 cm −1 and ζ 3d (Fe) = 417 cm −1 . 69 These values are large enough to allow admixtures of a few percent of the strongly allowed character into the spin-forbidden states, consistent with the long lifetimes and low susceptibility to power broadening that are observed.
Following the initial survey of the spectrum that was undertaken using the fifth harmonic of the Nd:YAG laser (212.8 nm) for ionization, portions of the spectrum were rescanned using the fourth harmonic, 266 nm, for ionization in order to bracket the ionization energy of the molecule. The lowest energy transition that could be observed with the 266 nm (4.661 eV) radiation lies at 20 178 cm −1 (2.502 eV), placing the ionization energy below 7.16 eV. It was found that the 5-0 band of the [16.2] 0 + ← X 1 + system, which lies at 17 788 cm −1 (2.205 eV) could not be observed using 266 nm radiation for ionization, thereby placing the ionization energy of TiFe above 6.86 eV. On this basis, the ionization energy of TiFe is thought to lie in the range 6.86 eV < IE(TiFe) < 7.16 eV. This is similar to the ionization energy of the isoelectronic molecule, Cr 2 , which has been established as 6.999(1) eV. 70 In a large number of diatomic transition metals, predissociation is found to set in abruptly as soon as the energy exceeds the energy of the lowest separated atom limit, particularly when a large density of electronic states is present. [71] [72] [73] [74] [75] [76] Given the large density of states evident toward higher energies in Figure 1 , scans were conducted to higher wavenumbers in the hope of finding a predissociation threshold. Despite scanning slightly beyond 23 500 cm −1 , no predissociation threshold was found. On this basis, we believe that the bond energy of TiFe is greater than the wavenumber of the last observed band, placing D 0 (TiFe) above 2.91 eV.
A vibrational progression consisting of eight bands was found in the survey scan over the 16 000-19 000 cm −1 region. Higher resolution (0.05 cm −1 ) studies, however, revealed that four members of the apparent progression consisted of two closely spaced bands of different upper state electronic symmetry. One band had P, Q, and R branches, with first lines of R(0), Q(1), and P(2); the second band displayed only P and R branches, with first lines of R(0) and P (1) . Accordingly, what was on first glance only a single band system was instead assigned to two systems that were eventually labeled as the [15.9] For all of the bands belonging to the two band systems, rotationally resolved spectra were collected and analyzed, allowing band origins and isotope shifts to be precisely measured. These values were then used to establish the vibrational numbering of the bands. By assuming a vibrational numbering and fitting the band origins of the heavier isotopomer to the standard formula,
the fitted spectroscopic constants ω e and ω e x e could be used to calculate the predicted isotope shift using the formula
For TiFe, the heavy isotopomer (ν H ) was chosen to be 50 Ti 56 Fe because of the lack of other observable isotopic combinations at mass 106. The light isotopomer (ν L ) was chosen as 48 Ti 56 Fe due to its high abundance, combined with the lack of other observable isotopomers at mass 104. For these species, the dimensionless parameter, ρ, is given as , as a function of the band frequency, ν, for various assignments of the bands. The resulting curves were then compared to the measured isotope shift and band origin values to identify the correct vibrational numbering. To do so, the ground state vibrational frequency, ω e was taken from the computations reported below as 534 cm −1 and the anharmonicity, ω e x e was neglected, as its effect on the isotope shift is minimal.
The resulting plots are unequivocal. Figure 2 shows the isotope shift vs. transition wavenumber plot for the [15.9] band systems are presented in Table I .
B. Rotationally resolved spectra
All of the bands that were found in survey scans (0.14 cm Figure 4 , which displays the rotationally resolved spectrum near 17 480 cm −1 for the most abundant isotopomer, 48 Ti 56 Fe. Above 17 480 cm −1 , the observed features consisted of only a single band, as displayed in Figure 5 . All of the features that were found to contain pairs of bands were similar to that shown in Figure 4 , with both bands red shaded, displaying R branch band heads at low values of J and a series of P lines marching off to lower wavenumbers. In fact, all of the observed bands, even those which appeared as single features, were red shaded, indicating an increase in bond length upon electronic excitation. For the features that turned out to consist of pairs of bands, one of the bands had only R and P branches with first lines of R(0) and P(1) while the second band had R, Q, and P branches with first lines of R(0), Q(1), and P (2) . These first lines demonstrate that the values for the band systems are = 0 ← = 0 for the bands containing only R and P lines, and = 1 ← = 0 for the bands with all three branches. Further analysis demonstrated that all of the bands originate from the same lower state. Accordingly, the bands were fitted to the standard form
with B constrained to be the same for all bands belonging to the same isotopomer. Given that the leading contribution to the 1 + ground state is a 1σ 2 2σ 2 1π 4 1δ 4 configuration (see below), 3 states can be generated by one-electron promotions of a 1σ or 2σ electron to the 2π orbital, a 1δ electron to the 2π orbital, a 1π electron to the 2δ orbital, or a 1π electron to the 3σ or 4σ orbital. In terms of the partially occupied orbitals, these lead to 1σ 1 2π 1 , 2σ  1 2π  1 , 1δ  3 2π  1 , 1π  3 2δ  1 , 1π  3 3σ  1 and 1π  3 4σ   1 configurations. The first of these, 1σ 1 2π 1 or 2σ 1 2π 1 , has the orbital that is responsible for the spin-orbit splitting (2π ) less than half-full, so the resulting 3 state would be regular, not inverted. These configurations may be excluded from further consideration. The last two configurations move an electron from a strongly bonding 1π orbital to a strongly antibonding 3σ or 4σ orbital, and would not be expected to arise at such a low energy. The remaining two configurations, 1δ 3 2π 1 and 1π 3 2δ 1 , have an orbital that is more than half-full (favoring an inverted 3 state) and another orbital that is less than half-full (favoring a regular 3 state). Thus, more detailed consideration is required to decide which of these could be consistent with the data.
To consider the spin-orbit splitting expected for the 1δ 3 2π 1 , 3 and 1π 3 2δ 1 , 3 states, we note that the spin-orbit operator can be expressed as an effective one-electron operator given by
where the sum is over all electrons, i, and nuclei, α. Hereâ iα is an operator that depends only on the distance of electron i from nucleus α, r iα ;ˆ iα is the orbital angular momentum operator for electron i measured about nucleus α; andŝ i is the spin angular momentum operator of electron i. In the firstorder perturbation treatment of the spin-orbit interaction of a 3 state, the spin-orbit energy is given by E SO = A , where and are the projections of L and S on the internuclear axis, respectively, and A is the spin-orbit constant for the state in question. As a result, E SO vanishes for a 
Treating the 3 0 states as single Slater determinants, and applying the Slater-Condon rules for the evaluation of oneelectron operators, 80 it is possible to express the spin-orbit energies in terms of the parameters a δ ≡ δ| αâ α |δ and a π ≡ π | αâ α |π as
and
For a π orbital that is expressed as π = c 1 3dπ (Ti) + c 2 3dπ (Fe), a π is given by
Similarly, for a δ orbital that is expressed as δ = c 1 3dδ(Ti) + c 2 3dδ(Fe), a δ is given by
If we estimate that the π and δ orbitals have equal contributions on the two atoms, then we expect a π = a δ = 1 2 [ζ 3d (Ti) + ζ 3d (Fe)] = 270 cm −1 . Thus, Eqs. (8) and (9) 86 all of which exhibit similarly intense transitions in the blue region (19 300-25 900 cm −1 ) that have short fluorescence state lifetimes (τ = 14-40 ns) and large absorption oscillator strengths (f = 0.08-0.24). In the case of the coinage metal dimers, we have previously argued that ion pair states arising from the M + + M − separated ion limit are found in this energy range as a result of the long-range attraction of the ions, [82] [83] [84] 87 which, ignoring polarization effects, bond formation, and short-range repulsions, have potential energy curves given by
In the case of Au 2 , ab initio calculations clearly identify the B 0 u + state (τ = 18 ns, f = 0.13) (Ref. 84) as correlating diabatically to the Au + + Au − separated ion limit. 88 Further, transitions from the covalent ground state to these ion-pair states are charge transfer transitions that have large transition dipole moments. Thus, for the coinage metal dimers and by extension the group 6 dimers, ion pair states provide a source of considerable oscillator strength that is shared with other states of the appropriate symmetry through state mixing via configuration interaction and spin-orbit interaction.
There is no reason why these ion-pair states should be limited to the coinage metal or group 6 dimers. In fact, this mechanism is expected to provide an important source of oscillator strength in the blue region of the spectrum for all of the transition metal diatomics, owing to the similarity of ionization energies and electron affinities for these species. In the case of TiFe, if we estimate the bond energy to be 3 eV (see below) and employ IE(Ti) = 6.828 eV (Ref. 89 ) and EA(Fe) = 0.163 eV, 90 Eq. (12) predicts that the lowest ion pair states should lie in the vicinity of 20 000 cm −1 at R = 2.0 Å, quite close to the energy where intense transitions begin. The same mechanism has been invoked to explain the intense transitions in ZrFe that occur in a similar spectral region.
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V. COMPUTATIONAL STUDIES
A. The nature of the beast
Our previous theoretical work on the homonuclear 3d metal diatomics, Sc 2 , 91 Ti 2 , 92 and Mn 2 , 93 showed most clearly the very many difficulties with which one is confronted, even for obtaining "reliable qualitative" results. At first this is surprising, considering that we are dealing with a relatively small number of active (outer) electrons, 12, and just two nuclei that are not very heavy, making it a rather chemically trivial system. However, the very large density of the 3d-M atomic states of high orbital and spin angular momenta, the rather unfavorable atomic configurations for bond formation, and the intense multireference nature of the 3d-M 2 molecules provide poor conditions for accurate all-electron ab initio calculations. The above short exposition rationalizes our reservations about the possibility of quantitative all-electron first principles calculations for the 3d-M 2 or 3d-MM molecules with today's technology. The atomic populations and the natural orbitals given above suggest a zeroth order bonding scheme that can be visualized by the following valence-bond-Lewis diagram.
B. Computational results
It should be noted that the 4s atomic orbitals of Ti and Fe are much more extended than the 3d orbitals. In fact, the ratio of the Hartree-Fock radii are r 4s / r 3d = 2.6 (Ti) and 3.0 (Fe). 94 According to this diagram, the bonding interaction can be ascribed to two σ bonds (four electrons coupled into a singlet) and two π d bonds; the four δ electrons are strictly localized on the respective 3d atomic orbitals with no contribution to the bonding. According to the Mulliken analysis, a total of ∼0.4 e − move from Fe to Ti, the result of a 0.65 e − charge transfer from Ti to Fe along the π frame, and a back σ -transfer of ∼1e − . The MRCI (+Q) bond distance of the X 1 + state is r e = 1.707 (1.724) Å (Table IV) [1] states are strictly degenerate with T e = 10 923 and 10 929 cm −1 , respectively, correlating adiabatically to channel 2; see Figure 6 . 
